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The influenza A virus M2 integral membrane protein is an ion channel that permits protons to enter virus particles during
uncoating of virions in endosomes, and it also modulates the pH of the trans-Golgi network in virus-infected cells. M2 protein
is a homo-oligomer of 97 residues with a single transmembrane (TM) domain whose residues encompass the pore region
of the channel and the biologically active form of the channel is a homotetramer. To understand the structural arrangement
of the TM domains, each residue of the TM domain was changed in turn to cysteine, and oxidative disulfide cross-linking used
to identify residues in close proximity. Oxidative treatment of M2 protein in membranes using iodine resulted in maximum
cross-linking at TM domain residues 27, 34, and 41. Oxidation of M2 protein in membranes using the catalyst Cu(II)(1,10-
phenanthroline)3 resulted in cross-linking of many TM domain residues when the reaction was allowed to proceed at 37°C,
suggesting that rotational movements of the TM domains in the membrane can occur. However, analysis of the kinetics of
disulfide-linked dimer formation showed that TM domain residues 27, 30, 34, 37, and 41 formed most rapidly. Furthermore,
when oxidation was performed at 4°C, maximum cross-linking occurred at TM domain residues 27, 30, 34, 37, and 41. These
positions correspond to the a and d positions of a heptad repeat. Thus these biochemical data are consistent with the TM
domain region of the M2 tetramer forming a four-helix bundle. Analysis of the disulfide bonds that formed when oxidation of
M2 protein in membranes was performed at pH 5.2 showed greatly reduced cross-linking at TM domain residues 40, 42, and
43 than that found at pH 7.4. This pH-dependent change in cross-linking of residues toward the cytoplasmic side of the TM
domain parallels with the activation of the M2 ion channel at low pH. © 1999 Academic Press
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oINTRODUCTION
The influenza A virus M2 integral membrane protein
as an ion channel activity that permits protons to enter
irus particles during uncoating of virions in endosomes
for reviews, see Hay, 1992; Lamb et al., 1994). In addi-
ion, during transport of M2 protein through the exocytotic
athway, its ion channel activity causes equilibration of
H of the lumen of the trans-Golgi network (TGN) with the
ytoplasm (Ciampor et al., 1992; Grambas and Hay, 1992;
akaguchi et al., 1996). Direct electrophysiological evi-
ence that the M2 protein has ion channel activity has
een obtained by expressing the M2 protein in oocytes of
enopus laevis (Holsinger et al., 1994, 1995; Pinto et al.,
992; Shimbo et al., 1996; Wang et al., 1993, 1995) or in
ammalian cells (Chizhmakov et al., 1996; Wang et al.,
994). The M2 protein ion channel activity is specifically
locked by the anti-influenza virus drug amantadine and
s activated at the lowered pH found intralumenally in
ndosomes and the TGN (Chizhmakov et al., 1996; Pinto
1 To whom reprint requests should be addressed at Department of
iochemistry, Molecular Biology and Cell Biology, Northwestern Uni-
ersity, 2153 North Campus Dr., Evanston, IL 60208-3500. Fax: (847)a91-5433. E-mail: ralamb@nwu.edu.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
196t al., 1992; Shimbo et al., 1996; Wang et al., 1993). In
ddition, reconstitution of purified M2 protein or introduc-
ion of the transmembrane (TM) domain peptide into
lanar lipid bilayers resulted in amantadine-sensitive ion
hannel activity that was activated by low pH (Duff and
shley, 1992; Schroeder et al., 1994; Tosteson et al.,
994).
The M2 protein is a homo-oligomer of 97 residues
hat is abundantly expressed at the cell surface of
nfluenza A virus-infected cells (Lamb et al., 1985) but
s greatly underrepresented in virions compared with
he relative surface expression levels and virion incor-
oration of the two virions spike glycoproteins, hem-
gglutinin and neuraminidase (Zebedee et al., 1985).
he M2 protein is orientated in membranes such that
t has 24 N-terminal extracellular (or luminal) residues,
19-residue TM domain, and a 54-residue cytoplas-
ic tail (Lamb et al., 1985; Zebedee et al., 1985). The
2 protein either is a homotetramer consisting of a
air of disulfide-linked dimers or is completely disul-
ide linked to a tetramer (Holsinger and Lamb, 1991;
anayotov and Schlesinger, 1992; Sugrue and Hay,
991). Analysis of the ion channel activity of mixed
ligomers of M2 containing both amantadine-sensitive
nd amantadine-resistant subunits indicated that the
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197INFLUENZA VIRUS M2 PROTEIN TM DOMAINctive oligomeric form of the M2 ion channel is the
omotetramer (Sakaguchi et al., 1997).
Because the M2 protein is a homotetramer, the four
ingle-spanning TMs must encompass the pore region
f the ion channel. It was originally noted that if the TM
omain is modeled as an a-helical bundle, then muta-
ions in the M2 TM domain that confer amantadine re-
istance (predominantly residues 27, 30, 31, and 34), map
o one face of the presumptive a-helix (Hay, 1992; Hay et
l., 1985; Sugrue and Hay, 1991). Furthermore, histidine
7, which is believed to be directly involved in proton
onduction (Pinto et al., 1997; Wang et al., 1995), maps to
he same face of the a-helix. The model has been pro-
osed that M2 residues 27, 30, 34, and 37 (heptad repeat
esidues a and d) would face the interior pore region of
he four-helix bundle (Fig. 1). Several lines of evidence
upport this notion: (1) circular dichroism studies of the
M domain peptide in membranes indicates it is a-heli-
al in structure (Duff et al., 1992; Kovacs and Cross,
997); (2) when cysteine scanning was used to generate
series of mutants with successive cysteine substitu-
ions in the TM domain and properties of the altered M2
on channels measured (reversal potential, ion currents,
nd amantadine resistance), Fourier analysis indicated a
eriodicity of 3.4 amino acid residues per turn of the
elix, consistent with that expected for a four-stranded
oiled coil or helical bundle (Pinto et al., 1997); and (3)
olid-state NMR data, using a synthetic peptide corre-
ponding to the TM domain region of M2, indicate that
he helices are packed together in a left-handed four-
elix bundle with a 33-degree tilt angle with respect to
he membrane bilayer (Kovacs and Cross, 1997).
FIG. 1. A helical wheel representation of the TM domain regions of
he M2 tetramer four-helical bundle, assuming a sequence repeat of 7.0
esidues, viewed down the bundle axis. The dashed circle denotes
hree regions, the central region is the aqueous pore of the M2 ion
hannel, the middle region represents areas of helix–helix interface,
nd the outer region represents the lipid bilayer. The TM domain
onsists of residues 25–43. The heptad repeat a and d residues
orrespond to V27, A30, G34, H37, and W41. (Modified from Pinto et al.,
997.)To further our understanding of the arrangement of the nM domain regions of several membrane proteins, oxi-
ative disulfide cross-linking has been used, such as
scherichia coli chemoreceptors Tar and Trg (Lee et al.,
994, 1995a; Pakula and Simon, 1992), the aspartate
eceptor (Falke and Koshland, 1987; Lynch and Koshland,
991; Pakula and Simon, 1992), the lactose permease
rotein (Frillingos et al., 1997; Weitzman and Kaback,
995), and F1F0 ATP synthase (Jiang and Fillingame,
998). Evidence for a conformational change within a
ubunit of the bacterial receptors on ligand binding has
lso been deduced from disulfide cross-linking studies
Chervitz et al., 1995; Hughson and Hazelbauer, 1996;
ee et al., 1995b; Stoddard et al., 1992). Oxidative disul-
ide cross-linking has also been used to obtain informa-
ion about motions that occur within surface a-helices of
he D-galactose receptor (Careaga and Falke, 1992).
We describe here studies using M2 protein mutants
ontaining cysteine substitution of each residue in the
2 protein TM domain and their ability to form a disulfide
ond in the presence and absence of oxidation catalysts.
he kinetics of the cross-linking reaction and the effects
f temperature on oxidative disulfide bond formation
ere analyzed to investigate rotational movements
ithin the M2 protein TM domain regions. Last, the effect
f pH on disulfide bond formation was examined to
btain information that might correlate with a possible
onformational change occurring on activation of the M2
on channel activity by lowered pH.
RESULTS
isulfide cross-linking of M2 TM domain cysteine
ubstitution mutants in the absence of oxidizing
eagents
Cysteine substitution mutations in the M2 protein TM
omain (residues 25–44) were introduced into a cDNA
ncoding the M2 protein (Zebedee et al., 1985) in which
ach of the three naturally occurring cysteine residues
ectodomain residues 17 and 19 and cytoplasmic tail
ysteine residue 50) were replaced by serine (Holsinger
nd Lamb, 1991). This mutant has an ion channel activity
dentical to wild-type (WT) M2 protein when expressed in
ocytes of X. laevis (Holsinger et al., 1995). This pseu-
o-WT was used to facilitate interpretation of the forma-
ion of a single disulfide bond. Analysis of the ion chan-
el activity of these cysteine substitution mutants when
xpressed in oocytes of X. laevis has been reported
reviously (Pinto et al., 1997). The cysteine substitution
utants were expressed in mammalian cells, using the
accinia virus-T7 RNA polymerase expression system
vac-T7) (Fuerst et al., 1986). Polypeptides were sepa-
ated by SDS–PAGE under nonreducing conditions, and
2 protein species were detected by immunoblotting.
ecause transfection of cDNA into cells was used for
xpression of the M2 proteins, the expression level was
ot identical among samples (e.g., in Figs. 2 and 3,
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198 BAUER ET AL.xpression of I35C, L36C, I42C, and L43C was lower
han for some other mutants). However, this variation
oes not affect the interpretation of the data because the
uantitative method used to compare one mutant with
nother is independent of expression level because for
ach mutant, the amount of disulfide-linked dimer spe-
ies was calculated as a percentage of the total nondi-
ulfide-liked (monomers) plus disulfide-linked species. It
hould also be noted in Fig. 2 and in succeeding figures
hat a direct correspondence cannot be made between
he raw data shown in the inserts and the histograms
ecause the histograms represent the mean of three
xperiments.
It was observed that although the majority of the mu-
ants were detected as nondisulfide-linked species (Mr
15 k), substitution for cysteine at residues P25, L26,
nd V27 resulted in the detection of disulfide-linked
imers (Mr ; 30 k) that comigrated with the disulfide-
FIG. 2. Disulfide-linked dimer formation of the M2 TM domain cys
canning mutagenesis was used to introduce a unique cysteine residu
ysteine residues (Pinto et al., 1997). The altered M2 proteins were
olymerase (vac/T7)-mediated expression system. At 4 h p.i., cells wer
rotease inhibitors. Polypeptides were separated by SDS–PAGE on 17.5
onreducing conditions, and polypeptides were transferred electropho
ere immunodetected using M2-specific mAb 14C2, anti-mouse alkalin
nset) Raw data from an immunoblot. The M2 protein monomeric, disulf
5-, 30-, and 60-k bands, respectively. The asterisk indicates the glycos
(PNG) treatment of L26C and V27C. The fluorescence from the M2
oftware (Molecular Dynamics) and plotted as a histogram with the am
imers plus nondisulfide-linked (monomeric) species. Wt, WT M2; Cys-,
utants in the Cys- genetic background. For the histogram, n 5 3, aninked dimer form of WT M2 protein (Fig. 2). A smaller omount of a species migrating slightly slower than Mr ;
0 k was observed, indicated in Fig. 2 by an asterisk, and
his form is thought to represent M2 protein glycosylated
t asparagine residue 22 because the mobility of this
pecies was converted to the Mr ; 30 k species on
ddition of peptide N-glycanase (see inset for L26C and
27C). We observed previously that mutations in the TM
omain can cause asparagine residue 22, which is in the
anonical sequence Asn-X-Ser/Thr required for N-linked
arbohydrate chain addition, to become modified by the
ddition of carbohydrate, whereas the asparagine at
esidue 22 of WT M2 protein is not glycosylated (Pinto et
l., 1992). We presume formation of the disulfide bonds in
utants P25C, L26C, and V27C having TM domain cys-
eine residues residing closest to the oxidizing environ-
ent of the lumen of the endoplasmic reticulum (ER)
ccurred in living cells and did not occur on solubiliza-
ion of the proteins in detergent. This is supported by our
ubstitution mutants in the absence of oxidative treatment. Cysteine
ery position within the TM domain of an M2 protein lacking its natural
sed in HeLa T4 cells using the recombinant vaccinia virus T7 RNA
ilized with RIPA buffer (pH 7.4) containing 50 mM iodoacetamide and
acrylamide gels containing 4 M urea (Lamb and Choppin, 1976) under
ly onto polyvinylidene difluoride membranes. The M2-related species
phatase-linked IgG, and the Vistra ECF substrate (Amersham). (Large
ed dimer, and the disulfide-linked tetrameric species migrate as Mr ;
form of the disulfide-linked dimer. (Small inset) Peptide–N-glycosidase
species were quantified using the Storm system and ImageQuant
disulfide-linked dimers expressed as a percentage of disulfide-linked
7S, C19S, C50S; P25C through D44C, TM domain cysteine substitution
gram bars show mean 6 S.E.M.teine s
e at ev
expres
e solub
% poly
retical
e phos
ide-link
ylated
-related
ount of
M2 C1bservations of the glycosylation patterns of these mu-
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199INFLUENZA VIRUS M2 PROTEIN TM DOMAINants. The glycosylation machinery is localized to the ER.
hus because the Mr ; 30 k disulfide-linked dimer spe-
ies, and not the Mr ; 15 k monomer species, was a
ubstrate for glycosylation, the data are consistent with
isulfide bond formation occurring in the ER.
xidative disulfide cross-linking of M2 cysteine
ubstitution mutants in cellular membranes
To use the site-directed disulfide cross-linking ap-
roach to elucidate structural information about the TM
omain region of the M2 protein in membranes, the
xidation catalysts iodine and Cu(II)(1,10-phenanthro-
ine)3 (CuP) were used. The two different treatments
ere used because the two reagents induce disulfide
ross-linking by different mechanisms. Iodine acts as a
eactant that is consumed during the oxidation reaction,
nd thus oxidation occurs rapidly over a short period of
ime (Pakula and Simon, 1992). In contrast, CuP acts as
catalyst promoting a reaction that occurs more slowly
ver an extended period of time (Hughson et al., 1997).
hus analysis of the cross-linking patterns produced on
reatment of membranes expressing the M2 mutants by
FIG. 3. Disulfide-linked dimer formation of the M2 TM domain cysteine
n HeLa T4 cells using the vac/T7-mediated expression system, and at
nd treated at pH 7.4 with 50 mM aqueous iodine for 3 min. Proteins we
nd protease inhibitors. Polypeptides were analyzed by SDS–PAGE
mmunoblotting as described in the legend to Fig. 2. n 5 3; histogramoth oxidizing reagents provides complementary infor- aation (Hughson et al., 1997). Indeed, as shown below
or the M2 protein, it is the combined data obtained by
sing oxidation under different conditions, rather than
inute examination of a single experiment, that leads to
ew biochemical information on the structure of the M2
rotein TM domain.
The M2 cysteine substitution mutants were expressed
n cells by using the vac-T7 expression system. Cells
ere removed from dishes by scraping and were dis-
upted by swelling in hypotonic buffer and Dounce ho-
ogenization. Cellular membranes were then oxidized
y treatment with iodine. Polypeptides were separated
y SDS–PAGE under nonreducing conditions and M2-
elated species were detected by immunoblotting. As
hown in Fig. 3 (histogram represents n 5 3), cysteine
ubstitution mutants P25C, L26C, V27C, G34C, and W41C
ormed disulfide-linked dimers. Although V27C forms dis-
lfide-linked dimers in the absence of iodine treatment
Fig. 2), the proportion of the disulfide-linked dimer re-
ated to the monomer increased on iodine oxidation (Fig.
). For the M2 protein TM domain, the heptad repeat a
nd d residues are V27, A30, G34, H37, and W41, and
itution mutants in the presence of iodine. The mutants were expressed
. cells were Dounce homogenized. Cellular membranes were isolated
bilized with 23 concentration RIPA containing 100 mM iodoacetamide
nonreducing conditions, and M2-related species were detected by
how mean 6 S.E.M.subst
4 hr p.i
re solu
underlthough V27C, G34C, and W41C showed disulfide bond
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200 BAUER ET AL.ormation, mutants A30C and H37C did not. Thus it is
ossible that iodine is not a sufficiently strong oxidant to
nduce disulfide bond formation in these regions of the
hannel, and it has been found in previous oxidative
isulfide cross-linking studies that iodine is not as strong
f an oxidizing reagent as the oxidizing catalyst CuP
Hughson et al., 1997).
When membranes expressing the M2 cysteine substi-
ution mutants were treated with CuP for 10 min at 37°C,
or most of the cysteine substitution mutants, more ex-
ensive disulfide bond formation was observed (Fig. 4;
istogram represents n 5 3) in comparison to that ob-
erved with iodine oxidation (Fig. 3). Only mutants I33C,
FIG. 4. Disulfide-linked dimer formation of the M2 TM domain cyste
eLa T4 cells using the vac/T7-mediated expression system. At 4 hr p
0 min at 37°C. The reaction was stopped by the addition of 10 mM EDT
y SDS–PAGE under nonreducing conditions, and M2-related species w
ata from an immunoblot. (B) Quantification of the amount of disulfide-lin
reatment with CuP at 37°C. n 5 3; histogram bars show mean 6 S.E36C, L38C, I39C, and D44C showed little disulfide for- lation. Quantification of the chemifluorescent signal
rom the immunoblot, with the disulfide-linked form of the
utant calculated as a fraction of the total expressed
2-related species, did not show a regular periodicity of
isulfide bond formation across the 19-residue TM do-
ain sequence. However, visual inspection of the raw
mmunoblot data (Fig. 4, inset) shows an intense M2
imer signal for V27C, A30C, S31C, G34C, and H37C and
lightly lesser signals for L40C, W41C, and I42C. The
xpression levels among mutants were consistently
omparable (except as already noted for I35C, L36C, and
43C: see Fig. 2). Thus the simplest explanation for the
bviously increased fluorescent signal on disulfide-
stitution mutants in the presence of CuP. Mutants were expressed in
were Dounce homogenized and treated at pH 7.4 with 3 mM CuP for
0 mM NEM. Proteins were solubilized and polypeptides were analyzed
tected by immunoblotting as described in the legend to Fig. 2. (A) Raw
mers expressed as a total of M2-related species that were formed afterine sub
.i., cells
A and 1
ere de
ked diinked dimer formation over mutants unable to form ex-
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201INFLUENZA VIRUS M2 PROTEIN TM DOMAINensive disulfide-linked dimers is because the monoclo-
al antibody (mAb) (14C2) used in the immunoblot rec-
gnized the disulfide-linked dimer better than the
onomer. However, because the only means of detect-
ng M2 protein in immunoblots is by using mAb 14C2, this
ypothesis cannot be proved definitively. Although such
differential antibody reactivity would affect the numer-
cal values shown for each mutant in Fig. 4B, it does not
ffect comparison among mutants for formation of disul-
ide-linked dimers. Thus it can be concluded that V27C,
30C, S31C, G34C, H37C, and, to a somewhat lesser
xtent, L40C, W41C, and I42C are capable of significant
isulfide bond formation (when the amount disulfide-
inked dimer species is compared to the amount of the
otal M2 species). Interestingly, M2 residues V27, A30,
31, and G34 are the positions in the M2 TM domain
ound to be mutated in influenza viruses resistant to the
on channel inhibitor amantadine (Hay et al., 1985).
The ability of cysteine residues substituted at many
ositions within the TM domain to form disulfide bonds
n the presence of CuP suggests that the TM domain
egions can rotate in the plane of the membrane. Disul-
ide bond formation is not only dependent on its oxidative
nvironment but also dependent on the proximity of the
wo cysteine residues and the flexibility of the protein
ithin the region of the cysteine residues. The average
istance between a-carbons linked by disulfide bonds is
5–6 Å (Chothia et al., 1981), and the average distance
etween two interacting helices is ;9 Å (Katz and Kos-
iakoff, 1986). We had anticipated that because of the
istance–size constraint of a disulfide bond in compari-
on to the distance between interacting a-helices, the
nly cysteine residues within the M2 TM domain capable
f forming disulfide bonds would be those facing inward
nd constituting the pore of the channel (Fig. 1). The
esidues that face outward (to the lipid bilayer) were not
xpected to form disulfide bonds. Thus because some
isulfide bond formation was observed for many resi-
ues, rotational movements within the tetramer must
ccur over the time period of the CuP oxidation reaction.
isulfide cross-linking of M2 cysteine substitution
utants occurs intramolecularly and not
ntermolecularly
If the disulfide bond formation occurred between tet-
amers and not within a tetramer, the interpretation of the
ata would be misconstrued. Therefore we used chem-
cal DSP cross-linking to determine the oligomeric form
f the disulfide cross-linked species because M2 protein
s readily and nearly completely cross-linked by DSP
Holsinger and Lamb, 1991; Sakaguchi et al., 1996). After
xidative treatment using CuP, the proteins were sub-
ected to DSP cross-linking before detergent solubiliza-
ion. Virtually all M2 protein cross-linked by DSP was
ound on SDS–polyacrylamide gels as a tetrameric spe- oies (Mr ; 60 kDa) (data not shown). If disulfide bond
ormation had occurred between tetramers, then higher-
ass oligomeric forms of M2 should have been ob-
erved. Another approach toward addressing the same
uestion is to express different amounts of the TM do-
ain cysteine substitution mutants in cells and perform
uP-induced disulfide bond formation. If disulfide bonds
orm intermolecularly, then the percentage of the protein
hat exists in the disulfide-linked dimer form would in-
rease with increasing expression of the M2 protein.
owever, if the disulfide bonds form within a tetramer,
hen disulfide-linked dimer formation would be concen-
ration independent. Variation of the M2 protein expres-
ion level (by altering the amount of DNA transfected into
ells) had no effect on the abundance of the disulfide-
inked dimers (data not shown); thus we conclude that
nly intramolecular disulfide bonds are being formed.
he kinetics of disulfide-bond formation indicates a
M domain position-dependent rate
The CuP oxidation treatment shown in Fig. 4 was for
0 min at 37°C. We anticipated that disulfide bond for-
ation across the aqueous pore of the M2 ion channel
ould occur much faster than that for residues on the
utside of the tetramer that face the lipid membrane and
or which rotational movement would be required to
ermit disulfide linking. Thus the rate of disulfide bond
ormation for all the M2 TM domain cysteine substitution
utants was examined using CuP oxidation treatment of
–600 s. It was found that disulfide bond formation at
esidues 27, 30, 31, 34, 37, 40, 41, and 42 occurred to a
ignificant extent after 30–60 s (data for S31C–L38C
hown in Fig. 5), whereas for all other TM domain posi-
ions, the rate of disulfide bond formation was slower
e.g., L36C and I38C in Fig. 5). Quantification of the data
ndicated that in all cases, a greater extent of maximum
ross-linking reflected a faster rate of cross-linking (data
ot shown). These data are consistent with the notion
hat the heptad repeat a and d residues face the inner
hannel pore and form rapid disulfide bonds, whereas
eptad repeat residues b, c, and f, which are predicted to
ace the lipid bilayer only, form disulfide bonds slowly
fter rotational movements during the oxidation treat-
ent.
ffects of temperature on CuP-induced disulfide
ross-linking
To explore further the notion of rotational movement of
he TM domains, CuP oxidation was performed on mem-
ranes at 4°C, 15°C, 20°C, and 37°C. It was anticipated
hat by decreasing the temperature of the reaction and
owering the kinetic energy, the structure of the tetramer
ould be captured in its more probable state. For almost
ll of the M2 TM domain cysteine substitution mutants,
xidation with CuP at temperatures lower than 37°C
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202 BAUER ET AL.ecreased the amount of disulfide-linked dimers (Fig.
A). For oxidation at 4°C, the percentage of disulfide-
inked dimers was quantified (Fig. 6B). Cross-linking oc-
urred most readily at the N-terminal end of the TM
omain (P25C–A30C). However, the data shown in Fig.
B do indicate a periodicity of disulfide bond formation at
°C, with peaks of disulfide formation at the heptad
epeat a and d residues 27, 30, 34, 37, and 41. The
xtensive disulfide bond formation at 4°C at the N-ter-
inal end of the TM domain suggests that this region is
ither (1) more accessible to the oxidizing catalyst or (2)
ore flexible than the remaining areas of the channel.
isulfide cross-linking of M2 cysteine substitution
utants in the presence of an extracellular
ysteine residue, C17
The pseudo-WT M2 protein used as the template for
he cysteine substitution mutants lacks the two natural
xtracellular cysteine residues 17 and 19 and the cyto-
lasmic tail cysteine residue 50. However, the pseu-
o-WT M2 is indistinguishable from WT M2 in its ion
hannel activity (Holsinger et al., 1995; Pinto et al., 1992).
urthermore, an influenza virus engineered to lack the
2 protein two extracellular cysteine residues (M2 C17S,
19S) is as viable and pathogenic as WT virus (Castrucci
t al., 1997). Although M2C17S,C19S forms tetramers on
hemical cross-linking of membranes containing M2 pro-
ein, on detergent solubilization of M2C17S,C19S and
entrifugation on sucrose gradients, the molecule did not
ediment as a tetramer, but as a slower sedimenting
pecies, suggesting the M2 C17S, C19S oligomer disso-
iate (Holsinger and Lamb, 1991). Thus it seemed pos-
FIG. 5. Kinetics of CuP induced disulfide-linked dimer formation for th
n HeLa T4 cells using the vac/T7-mediated expression system. At 4 h
or 0, 5, 15, 30, 60, 120, and 600 s at 37°C. At each time point, the reac
ere solubilized and polypeptides were analyzed by SDS–PAGE u
mmunoblotting as described in the legend to Fig. 2.ible that the presence of an extracellular domain cys- feine residue might add rigidity to the structure and
tabilize the TM domain residues from rotational move-
ents. The TM domain cysteine substitution mutants
panning one turn of the presumptive helix (A30C–L36C)
ere engineered into an M2 template that contained a
ingle cysteine at residue 17 (M2 Cys-2,3). This template
as chosen because cysteine 17 is conserved in all
nown strains of influenza A virus, and this single cys-
eine residue permits efficient disulfide bond formation
nd the tetramer is stable on centrifugation (Holsinger
nd Lamb, 1991).
Because the M2 Cys-2,3 protein has one extracellular
ysteine residue that naturally forms a disulfide bond, it
igrates on gels as an Mr ; 30 k species (Fig. 7A). None
f the TM domain cysteine substitution mutants in the M2
ys-2,3 background formed a significant amount of dis-
lfide-linked tetramers in the absence of oxidation treat-
ent or in the presence of iodine (data not shown).
owever, when membranes were treated with CuP for 10
in at 37°C, the TM domain cysteine substitution mu-
ants were capable of forming disulfide-linked tetramers
o varying extents (Fig. 7). Cross-linking of residues A30C
nd G34C was slightly greater than that for the other
esidue positions (Fig. 7B); however, cross-linking was
bserved with all residues indicating that for this one
urn of the helix tested, the extracellular cysteine residue
7 does not provide rotational rigidity to the TM domain
egion.
ifferential CuP oxidation patterns at pH 5.2 and pH
.4 correlate with an open and a closed channel state
The M2 ion channel activity is activated by the low pH
M domain cysteine substitution mutants. The mutants were expressed
ells were Dounce homogenized and treated at pH 7.4 with 3 mM CuP
s stopped by the addition of 10 mM EDTA and 10 mM NEM. Proteins
onreducing conditions, and M2-related species were detected bye M2 T
r p.i., c
tion wa
nder nound in endosomes (pH 6.0–5.0) (Pinto et al., 1992). The
m
a
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e
203INFLUENZA VIRUS M2 PROTEIN TM DOMAINFIG. 6. The effects of temperature on CuP-induced disulfide-linked dimer formation for the M2 TM domain cysteine substitution mutants. The
utants were expressed in HeLa T4 cells using the vac/T7-mediated expression system. At 4 hr p.i., cells were Dounce homogenized and treated
t pH 7.4 with 3 mM CuP for 10 min at either 4°C, 15°C, 20°C, or 37°C. The reactions were stopped by the addition of 10 mM EDTA and 10 mM NEM.
roteins were solubilized and polypeptides were analyzed by SDS–PAGE under nonreducing conditions, and M2-related species were detected by
mmunoblotting as described in the legend to Fig. 2. (A) Raw data from an immunoblot. (B) Quantification of the amount of disulfide-linked dimers
xpressed as a total of M2-related species that were formed after treatment with CuP at 4°C. n 5 3; histogram bars show mean 6 S.E.M.
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204 BAUER ET AL.echanism by which activation of the channel occurs is
ot fully understood, but it is possible that it involves a
onformational change with respect to the orientation of
art, or all, of the TM domain. We considered it possible
hat there may be a difference in oxidative disulfide
ross-linking pattern using CuP at pH 5.2 versus pH 7.4.
embranes expressing the M2 TM domain cysteine sub-
titution mutants were oxidized using CuP for 10 min at
7°C. As shown in Fig. 8, the extent of disulfide bond
ormation observed on oxidation at pH 5.2 was greater
oward the N-terminal end of the TM domain (residues
25C–I32C) than toward the C-terminal end of the TM
omain (residues I33C–D44C). However, oxidation at pH
.2 caused discernible peaks of disulfide-bond formation
t residues 34, 37, and 41. Nonetheless, the major differ-
nce between oxidation at pH 5.2 and pH 7.4 was the
educed efficiency of disulfide-linked dimer formation at
esidues W41C, I42C, and L43C at pH 5.2 (compare Fig.
A and Fig. 8A). To investigate further the difference in
he disulfide bond formation patterns at pH 7.4 and pH
.2, the rates of disulfide-linked dimer formation from 0 to
00 s at pH 7.4 were compared with the rates of cross-
inking at pH 5.2. Although no significant difference in the
ates were found for residue positions located toward
he N-terminal end of the pore region, significant differ-
nces in rates of disulfide-linked dimer formation were
bserved for mutants located toward the C-terminal end
f the TM domain. In Fig. 9A, the raw data are shown for
uP-induced disulfide-linked dimer formation at pH 7.4
nd pH 5.2 for cysteine substitution mutants W41C and
42C, and the quantified data for mutants V27C, V28C,
37C, L40C, W41C, I42C, and L43C at pH 7.4 and pH 5.2
re shown in Fig. 9B. The rates of disulfide-linked dimer
FIG. 7. Disulfide-linked dimer formation of M2 cysteine substitution
ite-directed mutagenesis was used to introduce a cysteine residue at
he TM domain of an M2 protein containing one of its natural extracellula
n HeLa T4 cells using the recombinant vaccinia virus T7 RNA polym
omogenized and treated at pH 7.4 with 3 mM CuP for 10 min at 37°C. T
roteins were solubilized and polypeptides were analyzed by SDS–PA
mmunoblotting as described in the legend to Fig. 2. (A) Raw data from
xpressed as a total of M2-related species that were formed after treaormation on oxidation at pH 5.2 correlated with the finalxtent of cross-linking after 10 min. In the C-terminal
egion of the TM domain, the cysteine substitution mu-
ants at heptad repeat positions other than the a and d
ositions displayed a much lower rate of cross-linking at
H 5.4 than that found at pH 7.4. One interpretation of
hese data are that the TM domain assumes a structure
ore like that of an a-helical coiled coil structure at pH
.2 than at pH 7.4, implying that a pH-dependent confor-
ational change occurs.
DISCUSSION
In this study, cysteine scanning mutagenesis was
sed to test the model that the M2 ion channel TM
omain forms a four-helix bundle (Holsinger and Lamb,
991; Kovacs and Cross, 1997; Pinto et al., 1997; Sugrue
nd Hay, 1991). On oxidation, cysteine pairs that cross-
ink most and least readily may be assumed to be the
losest and furthest apart (Pakula and Simon, 1992). We
ntroduced the TM cysteine substitutions into a cysteine-
ess M2 protein because (1) this pseudo-WT has an ion
hannel activity indistinguishable from that of WT M2
Holsinger et al., 1995) and (2) the lack of existing disul-
ide bonds was considered likely to simplify interpreta-
ion of the data. The oxidation reactions were performed
n broken cells to maintain M2 protein in membranes
nd to avoid detergent solubilization, which might cause
change in M2 protein structure. We observed previ-
usly that solubilization and centrifugation of cysteine-
ess M2 protein seemed to perturb its oligomeric struc-
ure (Holsinger and Lamb, 1991). The use of broken cells
lso avoids possible complications resulting from the
educing environment of the cytoplasm.
s engineered into the M2 cys-2,3 background on oxidation with CuP.
osition from A30 to L36, corresponding to one turn of the helix within
ine residues, C17 (M2 cys-2,3). The mutant M2 proteins were expressed
vac/T7)-mediated expression system. At 4 hr p.i., cells were Dounce
ctions were stopped by the addition of 10 mM EDTA and 10 mM NEM.
er nonreducing conditions, and M2-related species were detected by
munoblot. (B) Quantification of the amount of disulfide-linked dimers
with CuP. n 5 3; histogram bars show mean 6 S.E.M.mutant
each p
r cyste
erase (
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205INFLUENZA VIRUS M2 PROTEIN TM DOMAINxidizing agent, P25C, L26C, and V27C formed disulfide
onds. During the intracellular biogenesis of M2 protein,
hese TM domain residues are located the closest to the
xidizing environment of the ER. A minor population of
he disulfide-linked dimer form, and not the nondisulfide-
inked form, of mutants P25C, L26C, and V27C was found
o be glycosylated. Because the glycosylation machinery
esides in the ER, the data suggest that only the disul-
ide-linked form of M2 is a substrate for glycosylation,
nd thus it can be inferred that disulfide bond formation
ccurred in the ER. We did consider the possibility that
isulfide bonds were forming between M2 tetramers and
FIG. 8. Disulfide-linked dimer formation of the M2 TM domain cystei
xpressed in HeLa T4 cells using the vac/T7-mediated expression sys
H 5.2, treated with 3 mM CuP for 10 min at 37°C. The reaction was
olubilized and polypeptides were analyzed by SDS–PAGE under nonre
s described in the legend to Fig. 2. (A) Raw data from the immunoblo
otal of M2-related species that were formed after treatment with CuP a
btained at pH 7.4).ot within a tetramer, but this consideration was elimi- eated by finding that disulfide bond formation was con-
entration independent.
When iodine was used as an oxidizing agent, V27C
as oxidized to a greater extent than the basal level;
n addition, G34C and W41C were found to be disulfide
ross-linked species. In contrast, when CuP was used
s oxidizing agent at pH 7.4, many more residues
ormed disulfide-linked cross-links. However, maxi-
um cross-linking occurred at residues 27, 30, 31, 34,
7, 41, and 42. Cross-linking propensity is a function of
he spatial relationships between sulfhydryl groups on
wo chains of the M2 tetramer, but it is probably influ-
stitution mutants in the presence of CuP at pH 5.2. The mutants were
d at 4 hr p.i., cells were Dounce homogenized in modified RSB buffer,
ed by the addition of 10 mM EDTA and 10 mM NEM. Proteins were
conditions, and M2-related species were detected by immunoblotting
uantification of the amount of disulfide-linked dimers expressed as a
2. n 5 3; histogram bars show mean 6 S.E.M. (see Fig. 4A for resultsne sub
tem, an
stopp
ducing
t. (B) Q
t pH 5.nced by other parameters, including accessibility of
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206 BAUER ET AL.he oxidant, the angle between the potentially reactive
ulfhydryls and the dynamic movement of the structure
Lee et al., 1994). It has been observed previously with
he E. coli chemosensory receptor Trg that iodine
reatment resulted in fewer cross-linked positions than
ith CuP treatment, and for iodine cross-linking, these
ositions corresponded precisely with helical period-
city, whereas cross-linking induced by CuP occurred
t more positions and was more widely distributed
Hughson et al., 1997). Random structural fluctuations
ermit proteins to momentarily assume a variety of
lternate conformations, but when two cysteine resi-
ues collide and oxidation occurs, the conformation is
rapped. For the four-helix bundle model of the M2
rotein, the residues that form rapid disulfide cross-
inks map predominantly to residues on the inside,
hereas residues that form only infrequent and slow
isulfide cross-links map on this model to residues on
FIG. 9. The effects of pH on the kinetics of CuP-induced disulfide-lin
eLa T4 cells using the vac/T7-mediated expression system. At 4 h p.i.,
uffer, pH 5.2. The cellular membranes were treated with 3 mM CuP fo
topped by the addition of 10 mM EDTA and 10 mM NEM. Protein
onreducing conditions, and M2-related species were detected by im
mmunoblot for mutants W41C and I42C. (B) Quantification of the amou
ere formed after each time point after treatment with CuP at pH 7.4he outside. Mutant S31C provides an exception be- mause it showed fairly rapid disulfide cross-linking at
7°C, yet the simple four-helix bundle model would
ot place S31 on the inside. However, S31 also is a
esidue that is altered in amantadine-resistant mu-
ants. If the helices are tilted at an acute angle, as
uggested from the solid phase NMR data (Kovacs
nd Cross, 1997), this yields a spatial relationship
imilar to that of an underwound a-helix, and then S31
aces inward. Lowering the kinetic energy by reducing
he temperature to 4°C before oxidation with CuP
estricted the cross-links to the constitutive N-terminal
M domain residues and residues 30, 34, 37, and 41
i.e., favoring those residues facing inward to the pore
egion but not favoring other residues). Thus both the
inetic analysis of disulfide bond formation and the
atterns observed on oxidation at 37°C and 4°C sup-
ort the view that the M2 TM domain forms in the large
art, if not in its entirety, a four-helix bundle. Further-
d formation. The M2 cysteine substitution mutants were expressed in
ls were Dounce homogenized in RSB buffer, pH 7.4, or in modified RSB
5, 30, 60, 120, and 600 s at 37°C. At each time point, the reaction was
solubilized and polypeptides were analyzed by SDS–PAGE under
lotting as described in the legend to Fig. 2. (A) Raw data from the
isulfide-linked dimers expressed as a total of M2-related species that
.2 for the mutants shown.ked bon
the cel
r 0, 5, 1
s were
munob
nt of dore, the data suggest that structural fluctuations of
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207INFLUENZA VIRUS M2 PROTEIN TM DOMAINhe helices in membranes occur (in this case, rota-
ional movement) and that residues in a rigid model
ot predicted to oppose each other can collide: once
hey collide, disulfide bond formation traps the confor-
ation. Previously, disulfide bond formation has been
sed to correlate conformational changes in extracel-
ular helices of the E. coli chemosensory receptor for
-galactose on binding ligands (Careaga and Falke,
992).
The M2 ion channel activity is activated by acidic pH,
ut to date there is no reported evidence of a low pH-
nduced conformational change to form an open channel
tate. Indeed, if proton conduction by the channel oc-
urs by means of tautomerization of histidine residue 37
Pinto et al., 1997), changes beyond those within an amino
cid side chain may not be required. Therefore it was of
nterest to note that on CuP oxidation at pH 5.2, residues
3–44 showed a much greater degree of helical period-
city than when oxidation was performed at pH 7.4, and
his finding was reflected in the analysis of the kinetics at
hich disulfide bond formation occurred. It is interesting
o note that the degree of disulfide cross-linking for H37C
id not change between pH 7.4 and pH 5.2. One inter-
retation of this finding is that H37 is protonated at pH
.2 (which cannot occur in H37C), and this causes a
tructural change in the four-helix bundle. This may re-
ult in low pH stabilizing the M2 protein tetrameric struc-
ure at the cytoplasmic end of the TM domain, and it
emains to be determined whether this change is merely
correlation with activation of the channel or pertains
irectly to the mechanism of activation.
In summary, the biochemical data described here us-
ng the M2 TM domain cysteine substitution mutants and
hemical oxidation indicate that cross-linking induced in
ntact membranes yields considerable information on the
tructural arrangement of the TM domains. The data
ndicate that in an active M2 tetramer, the TM domains
orm in the large part, if not in their entirety, a four-helix
undle. These conclusions are consistent with the the-
retical model for the M2 TM domain determined by ab
nitio quantum mechanics and simulated annealing (San-
om et al., 1997), the calculated model of the M2 TM
omain calculated on the basis of the experimentally
etermined ion channel activity profiles of the TM do-
ain cysteine substitution mutants (Pinto et al., 1997)
nd the model proposed from solid-phase NMR mea-
urements (Kovacs and Cross, 1997).
MATERIALS AND METHODS
ells and viruses
HeLa T4 cells were grown in Dulbecco’s modified
agle’s medium containing 10% fetal calf serum. Re-
ombinant vaccinia virus vTF7.3, which expresses the
acteriophage T7 RNA polymerase gene, was provided sy Bernard Moss (National Institutes of Health, Be-
hesda, MD).
ite-directed mutagenesis and protein expression
The M2 protein TM domain cysteine substitution mu-
ants, in which each residue of M2 from P25 to D44 was
ndividually changed to cysteine, have been described
reviously (Pinto et al., 1997). The unique site elimination
USE) mutagenesis system (Pharmacia Biotech, Pisca-
away, NJ) was used to generate cysteine substitution
utants in the M2 protein, which lacks two of its three
atural cysteine residues (M2 Cys-2,3). The nucleotide
equences of the complete M2 cDNAs were confirmed
sing an ABI Prism 310 genetic analyzer (Applied Bio-
ystems Inc., Foster City, CA).
The M2 proteins were expressed in HeLa T4 cells
sing the vaccinia virus T7 RNA polymerase (vac-T7)-
ediated transient expression system as described pre-
iously (Fuerst et al., 1986). Subconfluent monolayers of
eLa T4 cells in a 3.5-cm dish were infected with vTF7.3
t a multiplicity of infection of 10 plaque-forming units/
ell for 30 min and transfected with plasmid DNA using
iposomes made in our laboratory (Rose et al., 1991). At
.5 h postinfection (p.i.), the cells were either lysed in
IPA buffer (10 mM Tris, pH 7.4, 1% deoxycholate, 1%
riton X-100, 0.1% SDS) containing 50 mM iodoacetamide
nd protease inhibitors as described previously (Pater-
on and Lamb, 1993) or Dounce homogenized in RSB
uffer (10 mM Tris, pH 7.4, 10 mM KCl, and 15 mM MgCl2)
sing a 1-ml glass Dounce. For the low pH studies, the
ells were Dounce homogenized in modified RSB buffer,
H 5.2 [10 mM 2-(N-morpholino)ethanesulfonic acid, pH
.2, 10 mM KCl, and 15 mM MgCl2].
xidative disulfide cross-linking using iodine
Cells expressing the M2 cysteine substitution mutants
ere disrupted by Dounce homogenization and treated
ith freshly prepared (final concentration) 50 mM aque-
us iodine for 3 min at ambient temperature. The pro-
eins were solubilized with concentration RIPA buffer
ontaining 100 mM iodoacetamide and protease inhibi-
ors as described previously (Paterson and Lamb, 1993).
isulfide cross-linking using Cu(II)(1,10-
henanthroline)3
Cells expressing the M2 cysteine substitution mutants
ere disrupted by Dounce homogenization and were
reated with freshly made (final concentration) 3 mM CuP
or 10 min at 37°C. The reactions were stopped by the
ddition of 10 mM EDTA and 10 mM N-ethylmaleimide
NEM) to chelate copper and to block free sulfhydryl
roups, respectively. The treated proteins were solubi-
ized by using 23 concentration RIPA buffer containing
00 mM iodoacetamide and protease inhibitors as de-
cribed previously (Paterson and Lamb, 1993). The kinet-
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208 BAUER ET AL.cs of CuP-induced disulfide bond formation was exam-
ned by incubating the cells at 37°C with 3 mM CuP for
he following time points: 0, 5, 15, 30, 60, 120, and 600 s.
he effect of temperature on CuP induced disulfide
ross-linking was analyzed by performing the CuP reac-
ion for 10 min at the temperatures 4°C, 15°C, 20°C, and
7°C.
DS–PAGE and immunoblotting
Solubilized proteins were analyzed by SDS–PAGE us-
ng 17.5% polyacrylamide–4 M urea gels as described
reviously (Lamb and Choppin, 1976). Separated pro-
eins were transferred onto a polyvinylidene difluoride
embrane (Immobilon-P transfer membrane; Millipore
orp., Bedford, MA) using the Trans-Blot Electrophoretic
ransfer Cell (Bio-Rad Laboratories, Hercules, CA). M2
roteins were detected using ascites fluid to the M2-
pecific 14C2 mAb (Zebedee and Lamb, 1988), the anti-
ouse IgG antibody coupled to alkaline phosphatase
Amersham Life Science, Arlington Heights, IL), and the
istra ECF substrate (Amersham Life Science). The flu-
rescence from the immunoblot was analyzed and quan-
ified using a Storm image analyzer and ImageQuant
oftware (Molecular Dynamics Inc., Sunnyvale, CA).
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